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Executive Summary

Purpose of this White Paper

There has been superb progress in understanding the neutrino sector of elemen-
tary particle physics in the past few years. It is now widely recognized that
the possibility exists for a rich program of measuring CP violation and matter
effects in future accelerator v experiments, which has led to intense efforts to
consider new programs at neutrino superbeams, off-axis detectors, neutrino fac-
tories and beta beams. However, the possibility of measuring CP violation can
be fulfilled only if the value of the neutrino mixing parameter 63 is such that
sin(2613) greater than or equal to on the order of 0.01. The authors of this
white paper are an International Working Group of physicists who believe that
a timely new experiment at a nuclear reactor sensitive to the neutrino mixing
parameter 613 in this range has a great opportunity for an exciting discovery, a
non-zero value to f13. This would be a compelling next step of this program.
We are studying possible new reactor experiments at a variety of sites around
the world, and we have collaborated to prepare this document to advocate this
idea and describe some of the issues that are involved.

Purpose of the Experiment

In the presently accepted paradigm to describe the neutrino sector, there are
three mixing angles. One is measured by solar neutrinos and the KamLAND
experiment, one by atmospheric neutrinos and the long-baseline accelerator
projects. Both angles are large, unlike mixing angles among quarks. The third
angle, 013, has not yet been measured to be nonzero but has been constrained
to be small in comparison by the CHOOZ reactor neutrino experiment.

The basic feature of a new reactor experiment is to search for energy de-
pendent 7. disappearance using two (or more) detectors, to see Uy — U, dis-
appearance. The detectors need to be located underground in order to reduce
backgrounds from cosmic rays and cosmic ray induced spallation products. The
detectors need to be designed identically in order to reduce systematic errors to
1% or less. Control of the relative detector efficiency, fiducial volume, and good
energy calibration are needed.

A measurement of or stringent limit on 613 would be crucial as part of a
long term program to measure CP parameters at accelerators, even though a
reactor v, — P, disappearance experiment does not measure any CP violating
parameter. A sufficient value of 613 measured in a reactor experiment would
strongly motivate the investment required for a new round of accelerator v ex-
periments. A reactor experiment’s unambiguous measurement of 13 would also
strongly support accelerator measurements by helping to resolve degeneracies
and ambiguities. The combination of measurements from reactors and neutrino
results from accelerators will allow early probes for CP violation without the
necessity of long running at accelerators with anti-neutrino beams.
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Anticipated Sensitivity

The best current limit on 613 comes from the CHOOZ experiment and is a
function of Am2,,, which has been measured using atmospheric neutrinos by
Super-Kamiokande and others. The latest reported value of Am2,, from Super-
Kamiokande is 1.2 < Am2,, < 3.0 x 1072eV? with a best fit reported at
2.0. The CHOOZ limits for Am2,, of 2.6 and 2.0 x 10~ 3eV? are sin®(20;3) <
0.14 and 0.20. Global fits using the solar data limit the value for small Am2,,,
to less than 0.12. In order to improve on the CHOOZ experiment, a new reactor
experiment needs more statistics and better control of systematic errors. The
relative sensitivity at low Am?2,, can be improved by locating the far detector
further than 1 km. Increased statistics can be achieved by running longer,
using a larger detector, and judicious choice of a nuclear reactor. The dominant
systematic errors in an absolute measurement of the reactor neutrino flux, such
as cross-sections, flux uncertainties, and the absolute target volume, will be
largely eliminated in a relative measurement with two or multiple detectors.
Good understanding of the relative detector response and the backgrounds is
required for a precise relative measurement of the reactor neutrino flux and
spectrum. Experiments are being considered which increase the luminosity from
the CHOOZ value of 12 t GW y (ton-Gigawatt-years) to 400 t GW y or more.
This will allow a mixing angle sensitivity of sin®(2613) > 0.01. For example,
400 t GW y would be obtained with a 10 (40) ton far detector, and a 14 (3.5)
GW reactor in 3 years. One design consideration of the new experiment is
the possibility for upgrades to achieve even greater luminosity and sensitivity.
The ability to phase upgrades to achieve a luminosity of 8000 t GW y is being

considered.

Major Challenges
A new reactor experiment will build on the experience of several previous re-
actor experiments, such as CHOOZ, Palo Verde and KamLAND (described in
Section 4 of this white paper). These experiments had different goals, mostly
being designed for signals due to large mixing. Important experience on cali-
bration, control of systematic errors and the reduction of background has also
been obtained by the Super-Kamiokande, SNO and Borexino collaborations.
A next-generation reactor experiment will be designed to make a precision
measurement, of the reactor electron anti-neutrino survival probability at dif-
ferent distances from the reactor and search for subdominant oscillation effects
associated with the mass splitting of the m; and ms mass eigenstates. A mea-
surement at the O(1%) level will require careful control of possible systematic
errors. Most of the technical requirements of this experiment are well under-
stood but the details of the detector design still need to be optimized. Some
of the open questions under consideration are the following: liquid scintillator
loaded with 0.1% of gadolinium has been used in the past, but there are concerns
regarding its stability in solution and possible attenuation length degradation
which need to be fully understood. If movable detectors are chosen, there must
be confidence that moving the detector does not introduce additional time-
dependent effects. The use of a second detector will certainly help to control



many systematic errors, but also will present a challenge in maintaining a known
relative calibration over time. Another challenge is reduction of cosmic ray as-
sociated backgrounds such as neutrons and YLi spallation and their accurate
estimation. The reduction of gamma ray background is also important because
it will affect the ability to reduce the threshold to below 1 MeV. These and
other design issues are discussed in Sections 5-8 of this white paper.

Experimental Prospects

The International Working Group has held two workshops (April 30-May 1,
2003 at the University of Alabama and October 9-11, 2003 at Technical Univer-
sity of Munich) and we are planning a third one (March 20-22, 2004 at Niigata
University.) During the past year, the International Working Group has iden-
tified a large number of reactors as possible sites for a new experiment. Many
of these sites are discussed in Section 9, and a few are described in more detail
in seven Appendices. These include the Angra reactor in Brazil; the possibility
of a new experiment at CHOOZ, called Double-CHOOZ (or CHf;36013Z); Daya
Bay near Hong Kong in China, Diablo Canyon in California; a reactor in Illi-
nois; the reactor complex at Kashiwazaki in Japan, and the Krasnoyarsk reactor
underground at Zhelezhnogorsk in Russia.

It is not the role of this document to provide a cost estimate or schedule for
any of the experiments which will be proposed. But it is appropriate to try to
set the scale of the endeavor in order to compare to other kinds of initiatives in
neutrino physics. A two-detector system as described in this document seems
to cost in the range $5M to $15M. The civil construction costs to place these
detectors underground will be very site dependent and require a detailed en-
gineering cost estimate as described in Section 11. Estimates are in the range
of several tens of millions of dollars, depending on site condition and tunnel
length. Since reactors with an underground site already exist, such as those at
CHOOZ and Krasnoyarsk, there is a strong incentive to consider those sites for
the earliest experiment, though there may be physics trade-offs which must be
considered. Some of the envisioned reactor experiments might start taking data
in 2007-2008. First results could be achieved as early as 2009.

None of these efforts has yet resulted in a proposal to a funding agency, but
site specific proposals and R&D proposals will be submitted during 2004. This
white paper is a step in that direction. Given the importance of the measurement
of 013 and the enthusiasm of the proponents, we are hopeful that two or more
of these experiments will move forward on a favorable time scale.
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1 Introduction

The discovery of neutrino oscillations is a direct indication of physics beyond
the Standard Model and it provides a unique new window to explore physics
at high mass scale including unification, flavor dynamics, and extra dimensions.
The smallness of neutrino masses and the large lepton flavor violation associated
with neutrino mixing are both fundamental properties that give insights into
modifications of current theories. Other possibilities that may reveal themselves
in the neutrino sector include extra “sterile” neutrinos, CP violation in the
neutrino mixing matrix, and CPT violation associated with the neutrino mass
hierarchy. Since neutrino oscillations have now been established, the next step
is to map out the parameters associated with neutrino masses and mixings.
The experimental program to accomplish this goal will require a wide range of
experiments using neutrinos from solar, atmospheric, reactor, and accelerator
sources. Due to the relations between these various measurements, it will be
important for the world-wide community to set up a structured program to work
through the experimental measurements in a coherent and logical manner.

The existing experimental results fit rather nicely into a picture with three
massive neutrinos, which corresponds to the simplest scenario for three gen-
erations (for recent global analyses see, e.g., References [Il 2]). Neutrino os-
cillations then involve two mass-squared differences (Am3, and Am3,, where
AmZ; = m(v;)? — m(v;)?), three mixing angles (612, 623, and 6;3), and a CP-
violating phase (§). The present status of these parameters is summarized in
Figure [ Atmospheric neutrino data [3] and the first results from the K2K
long-baseline accelerator experiment [4] determine |[Am3,| = (2752) x 1073 eV?
(errors at 30) and fo3 ~ 45° [3, 2], whereas most solar data [0l 6], com-
bined with the results from the KamLAND reactor experiment [7], lead to
Am3, = (6.977%) x 107° eV? and sin® 015 = 0.370 52 at 30 [I].

The neutrino sector may contain more than three neutrinos by including
mixing to sterile neutrinos (for example to account for the LSND [§] anomaly),
but in these cases the mixing matrix most likely factors to a good approximation
into a (3 x 3) submatrix with the parameters given above. The investigation
of oscillations involving sterile neutrinos will demand measurements such as
MiniBooNE as well as improved disappearance measurements at high Am?2.

The current experimental situation can thus be summarized by two more or
less decoupled oscillations governed by the “atmospheric” and “solar/reactor”
quadratic mass splittings Am2, ~= Am?, and Am?; = Am3,, respectively,
and the corresponding mixing angles 612 = 0, and 023 = 6441m, which turned
out to be surprisingly large. This leads in the future to two equally impor-
tant experimental directions: The first task is to improve the knowledge of the
above (leading) oscillation parameters and to make precision measurements.
Conceptually at least equally important is the fact that three flavors imply also
three flavor oscillations and thus one further mixing angle, ;3 as well as a CP
violating phase § . The CP phase ¢ is a very interesting, but so far a com-

1Note that Majorana neutrinos imply also two further CP violating phases, but these do
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Figure 1: Status of neutrino oscillation parameters from a combined analysis of
current global data [I]. Left panel: allowed regions of solar (Am3,,sin® 1) and
atmospheric (Am3,,sin? fy3) parameters at 90%, 95%, 99% and 30 CL. Right
panel: upper bound on sin? 26,3 from the CHOOZ experiment at 90% (dashed)
and 30 (solid) CL for 1 DOF as a function of Am3;. The light (dark) shaded
region is excluded from CHOOZ + solar + KamLAND data at 90% (30) CL
for 1 DOF. The horizontal lines indicate the current best fit value and the 30
allowed regions for Am?3;.

pletely unknown, parameter. The fact the LMA solution has been confirmed
means that J is in principle accessible in future experiments if 613 is not too
small. In many models of neutrino masses the see-saw mechanism leads to con-
nections of the leptonic CP phase ¢ to the CP phases in the heavy Majorana
sector and thus to leptogenesis, one of the best known mechanism to explain
the baryon asymmetry of the universe (see e.g. [9]). Neutrino masses may
therefore explain a second indication for physics beyond the Standard Model,
since the observed baryon asymmetry cannot be generated from CP violation in
the Standard Model with massless neutrinos. Future neutrino experiments aim
therefore indirectly at another key question in physics, namely what causes the
baryon asymmetry in the Universe.

The mixing angle 6,3, the parameter relevant for three flavor effects in neu-
trino oscillations, is known to be small from the CHOOZ [I0, [TT] and also from
the Palo Verde experiment [I2]. The current bound from global data is summa-
rized in the right hand panel of Figure[ll It depends somewhat on the true value
of the atmospheric mass squared difference, since the bound from the CHOOZ
experiment gets rather weak for Am3;, < 2 x 1073 eV2. However, in that re-
gion an additional constraint on #;3 from global solar neutrino data becomes
important [T]. At the current best fit value of Am3; = 2 x 1073 eV? we have

not enter into neutrino oscillations.



the bounds at 90% (30) CL for 1 DOF
sin? 2013 < 0.16 (0.25), sin?#;3 < 0.053 (0.066), 613 < 10.8° (14.9°). (1)

Genuine three flavor oscillation effects occur only for a finite value of 6;3 and
establishing a finite value of 613 is therefore one of the next milestones in neutrino
physics. Leptonic CP violation is also a three flavor effect, but it can only be
tested if #13 is finite. There is thus a very strong motivation to establish a finite
value of 613 in order to aim in the long run at a measurement of leptonic CP
violation (see e.g. [I3 [4]).

Future measurements of 7, disappearance using a two detector reactor ex-
periment and long-baseline v, — v, and ¥, — . experiments will be crucial
in determining 613, the sign of Am%z, and the CP phase §. If 613 = 0.01, the
design of experiments to measure the sign of Am3, and the CP phase § become
straight forward extensions of current experiments. For this reason, there is
general agreement that a 613 measurement should be the prime goal of the next
round of experiments. On the theoretical side these experiments could test if
the small value of 613 could be a numerical coincidence or if e.g. some symmetry
argument is required to explain a tiny value.

Future measurements of 613 are possible using reactor neutrinos and ac-
celerator neutrino beams. As will be shown in subsequent sections, reactor
measurements have the property of determining 6,3 without the ambiguities as-
sociated with matter effects and CP violation. In addition, the needed detector
for an initial reactor measurement is small (< 50 tons) and the construction of a
neutrino beam is not necessary. For this reason, a precision reactor experiment
could lead the way in establishing the future oscillation program by setting the
scale of the 613 mixing angle. The previous most accurate measurements were
by the CHOOZ and Palo Verde experiments where a single detector was placed
about 1 km from the reactor. Future reactor experiments using two detectors
(~ 50 tons) at near (100 - 200 m) and far (1 - 2 km) locations will have signifi-
cantly improved sensitivity for 613 down to the 0.01 level. With 6,3 determined,
measurements of v,, — v, and 7, — ¥, oscillations using accelerator neutrino
beams impinging on large detectors at long baselines will improve the knowledge
of A3 and also allow access to matter or CP violation effects. For the field to ex-
ploit the physics opportunities available for neutrino oscillation measurements,
it is clear that a suite of experiments including both reactor and long-baseline
accelerator measurements will be necessary.

In addition to the general physics arguments, there are two factors that lend
urgency to this initiative. Our studies indicate that a reactor experiment to
measure sin® 2013 to the level of 0.01 could be done at significantly less cost and
on a more rapid time scale than an accelerator long-baseline neutrino experiment
with comparable sensitivity. This conclusion is influenced by several recent de-
velopments, including the High Energy Physics Roadmap for the future, Febru-
ary 2002 [I6], the prioritizations made in “High Energy Physics Facilities on the
DOE Office of Science Twenty-Year Roadmap” issued by the U.S. Department
of Energy in March, 2003 [I7] and the “Facilities for the Future of Science: a



Twenty-year Outlook” issued by the Office of Science of the DOE in November,
2003 [18]. In particular, the latter document envisions that a high-intensity
neutrino beam is more than 15 years in the future. For comparison with an
off-axis long baseline experiment, we use cost and time estimates based on cur-
rent work for the Fermilab proposal P929, the NuMI Off-Axis Experiment. We
emphasize that a new reactor experiment does not reduce the motivation for
the latter experiment; it obtains information complementary to that obtained
by the reactor 613 experiment, such as the mass hierarchy between m(vs) and
m(v1). Instead, we would envision that, since the reactor experiment can be
performed more quickly, its findings concerning 6;3 will provide very important
guidance for the long baseline program.

In this White Paper, we outline the capabilities of next generation reactor
experiments and summarize the design considerations that groups are consid-
ering in developing this program. The International Working Group on 6;3 is
sharing ideas on how to best design a new reactor experiment, and one goal
of this White Paper is to document the present status of our understanding of
these issues.

In the next section, we discuss in more detail the physics opportunities and
the motivation for a new reactor experiment. The following Section Bl deals
with the optimal baseline, luminosity scaling and the impact of systematic er-
rors. Previous reactor experiments are described in Section Bl and in Section [
we present some thoughts about the general layout of the detector, a multi-
layered volume of scintillator designed to define the fiducial volume well, and
also carefully control other potential systematic errors. In Section B the cal-
ibration requirements for the detector are reviewed. Section [ considers the
issues of backgrounds and how they affect the required overburden. Depths
that provide an overburden of 400 mwe to 1100 mwe are desirable. The goal of
carefully minimizing systematic errors is qualitatively different than has been
required of neutrino experiments at reactors in the past. We are confident that
the two detector concept will provide lower systematic errors than have been
previously achieved, but the ultimate limit on achievable systematic error has
vet to be identified. A discussion of a variety of systematic errors is presented
in Section B Characteristics of a large number of sites are reviewed in Section @
and some more detailed experimental site plans for seven of the possible loca-
tions are included in the Appendices to this document. Next we discuss other
physics that can be done in Section[[ll Depending on the site, the costs of a new
reactor experiment will potentially be dominated by the civil construction of a
shaft or tunnel. Those civil engineering issues are reviewed in Section[[1l Safety
issues are discussed in Section Section [[3 is finally devoted to outreach and
educational issues. The appendices contain further details of potential sites.



2 Physics Opportunities and Motivation

2.1 Road Map for Future Neutrino Oscillation Measure-
ments

There is now a world-wide experimental program underway to measure the pa-
rameters associated with neutrino oscillations. The current experiments include
K2K that measures v, disappearance over a 250 km baseline from KEK to SK.
Another experiment is MiniBooNE that is searching for v,, — v. appearance
signal in the LSND Am? region from 0.2 to 1 eV2. Upcoming longer-baseline
(~ 700 km) experiments are NuMI/MINOS at Fermilab and CNGS at CERN
that will study v, oscillations in the atmospheric Am? region. Groups in all the
world-wide regions are also pursuing sites and experiments for a precision reactor
experiment using detectors with fiducial volumes of 5 to 50 ton. Several near-
term new long-baseline experiments are planned which will use off-axis beams
including the approved J-PARC (previously called JHF) to Super-K (22.5 kton)
experiment and the developing NuMI off-axis experiment (50 kton detector).
Following these experiments, the next stage might be neutrino superbeam ex-
periments with even longer baselines that could possibly be combined with large
proton decay detectors. Four such projects under consideration are: (i) BNL
with an AGS upgrade, (ii) Fermilab with a proton driver upgrade, (iii) J-PARC
(phase II), and (iv) a CERN Superconducting Proton LINAC experiment. Fu-
ture neutrino factories, using a muon storage ring, will provide the ultimate in
sensitivity and precision in oscillation measurements.

It is clear that developments in the field will dictate how the community
should proceed through these studies. As stated previously, the size of 613 is
the small parameter that sets the scale for further studies in a three neutrino
scenario. It is also clear that the final resolution of the LSND anomaly by
MiniBooNE could significantly affect the direction for new investigations. To
bring this information together in a coherent way, we present a roadmap for
neutrino oscillations which tries to point out the relations between the various
measurements:

e Stage 0: The Current Program

— There are improved measurements of Am?, (5-10%) by solar neutrino
and the KamLAND experiments.

— NuMI, CNGS, and K2K experiments check the atmospheric oscilla-
tion phenomenology and measure Am3;to ~ 10%.

— MiniBooNE makes a definitive check of the LSND effect and measures
the associated Am? if the effect is confirmed.

e Stage 1: Measurement or tight constraint’s on the ;3 angle?

2The combination of all these experiments may give the first indications of matter and CP
violation effects.



— The NuMI/MINOS on-axis experiment probes sin®26;3 > 0.06 at
90% CL.

— Two-detector, long-baseline reactor experiments probe sin®26;3 >
0.01 at 90% CL.

— The NuMI and J-PARC off-axis experiments with 20-50 kton de-
tectors investigate v, — v, transitions for oscillation probabilities
greater than 1%.

e Stage 2: Measurements of the sign of Am3; and CP violation using su-
perbeams and very large detectors (500 to 1000 kton)
(This is feasible if sin® 2013 > 0.01 and if § is large enough.)

— Measurements of v, — v, at several baselines need to be combined
with either precision reactor measurements of v, — v, or with 7, —
Ve

— Increased neutrino beam rates are needed, especially for the #,, run-
ning, which make high intensity proton sources necessary.

e Stage 3: Measurements with a Neutrino Factory

— New facilities probe a mix of (;) — (;) transitions with sensi-

tivities below the 0.001 level

— They also map out CP violation with precision for sin® 26,3 > 0.001.

wle e/u

A flow chart with these ideas is shown in Figure

2.2 Where do reactor oscillation experiments fit in?

Any oscillation effect in 7, survival is governed, assuming three flavor mixing,
by the equation

2

A L
P(0, — o) = 1 —sin® 20,3 sinz(%) — cos? 613 sin” 20,5 sin?(

Am3,L

4F )
(2)
This equation is plotted in Figure Bl as a function of L/E with the current best
values for the Am?s and mixing angles (sin?(26;3) is set to the maximum value
allowed by current limits). One can clearly see the two oscillations governed
by the two Am?s. Experimentally, a judicious choice of L/E should be able to
distinguish one effect from the other. The KamLAND experiment is the first
reactor experiment to see oscillation effects, by measuring a 40% disappearance
of .. Given that the average baseline for KamLAND is 180 km, the detected

deficit is presumably associated with the third (Am?,) term in Equation (£).
The current best limit on 613 comes from a lack of observed oscillations at
CHOOZ and Palo Verde (sin® 26,3 < 0.20 for Am2,,, = 2.0 x 10~%eV?). These
experiments were at a baseline distance of about 1 km and thus more sensitive

to the second (Am2,,,) term of Equation @). Those experiments could not



have had greatly improved sensitivity to 613 because of uncertainties related
to knowledge of the flux of neutrinos from the reactors. They were designed to
test whether the atmospheric neutrino anomaly might have been due to v, — v,
oscillations, and hence were searching for large oscillation effects.

Since the effective disappearance will be very small (see Figure Bl), any new
experiment which is designed to look for non-zero values of 613 would need to
move beyond the previous systematic limitations. This could be achieved by
utilizing the following properties:

e two or more detectors to reduce uncertainties to the reactor flux

e identical detectors to reduce systematic errors related to detector accep-
tance

e carefully controlled energy calibration
e low backgrounds and/or reactor-off data

Note that CP violation does not affect a disappearance experiment, and that
the short baseline distances involved in a reactor measurement of oscillations at
the atmospheric Am? allow us to safely ignore matter effects.

A next generation reactor oscillation experiment would use at least two de-
tectors placed at various distances from a high power reactor (Figure Hl). The
reactor provides a high intensity, isotropic source of neutrinos with a well-known
spectrum as shown in Figure Bl The neutrino cross section for this process is
well known as described in Reference [T9]. Antineutrinos are detected through
the inverse-( decay process followed by neutron capture.

176+p—>e++n.

The detector would most likely be composed of a vat of scintillator oil viewed
from its surface by an array of photomultipliers. In order to reduce the back-
ground from cosmic-ray spallation, the detectors will need to be underground
with at least 300 mwe of shielding. A detected event would correspond to a
coincidence signal of an electron and capture neutron. The incident neutrino
energy is directly related to the measured energy of the outgoing electron. The
search for oscillations would then involve comparing the neutrino rate in the
two detectors and looking for a non-1/r? dependence.

As stated above, 013 is a key parameter in developing the future neutrino os-
cillation program. Reactor experiments offer a straightforward and cost effective
method to measure or constrain the value of this parameter. The sensitivity of
a two detector experiment is comparable to that of the proposed initial off-axis
long-baseline experiment. Since a reactor experiment would be much smaller
and use an existing reactor neutrino source with a well understood neutrino
rate, the experiment should be able to be done fairly quickly and at reduced
costs. It is likely that an early measurement of #13 will be necessary before
the community invests a large amount of resources for a full off-axis measure-
ment. For the longer term, a reactor experiment would be complementary to the



off-axis experiments in separating the measurement of 613 from other physics
parameters associated with matter effects and CP violation. A follow-up reactor
experiment with much larger detectors at various baselines will continue to be
an important component of the neutrino oscillation program.
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Figure 4: Schematic layout of a two detector reactor neutrino oscillation exper-
iment.
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2.3 Reactor experiment as a clean laboratory for the 63-
measurement

In this section, we demonstrate that a reactor measurement of 6,3 is a clean
measurement which is free from any contamination, such as from effects of the
other mixing parameters or from the Earth matter effect [84]. This key feature
is one of the most important advantages of the reactor experiments. We use the
standard notation of the lepton flavor mixing matrix:

—is
€12€13 $12€13 s13e"
_ is is
U= | —s12c23 — c12523513€" C12C23 — S12523513€" s23C13 | . (3)
is is
512523 — C12€23513€" —C12523 — S12€23513€*°  C23C13

Due to the low neutrino energy of a few MeV, the reactor experiments are
inherently disappearance experiments, i.e., they can only measure the survival
probability P(7. — 7). Unlike the case of the v, appearance probability, it is
well-known that the survival probability does not depend on the CP phase ¢ in
arbitrary matter densities (for more details, see [84]). For reactor experiments,
the matter effect is very small because the energy is quite low and the effect can
be ignored to a good approximation. This can be seen by the comparison of the
matter and the vacuum effects

Am3 '/ E Y,
e =34-107" (7| ;| 2) < ) ( p 3) (—) (4)
|2 | 2.5-10-3eV 4 MeV 2.8g-cm~— 0.5

2FE

Here E is the neutrino energy. In addition, a = v/2GrN, denotes the index
of refraction in matter with the Fermi constant Gr and the electron number
density N, in the Earth (which is related to the Earth matter density p by
N, = Yep/m, with the proton fraction Ye).

Since we know that the matter effect is negligible, we immediately under-
stand that the survival probability is independent of the sign of Am3,. There-
fore, one can use the vacuum probability formula for the analysis of a reactor
measurement of 613. The expression for P(7, — 7,) in vacuum is given by [21]

1— P(De — 176) = sin? 2013 sin® Asgy
1/2 ¢35 sin” 20,3 sin 2A3; sin 249,
Cilg sin2 2912 sin2 A21

35 sin” 2013 cos 2A3; sin? Ay, (5)

+ + +

where Aj; = AmZ;L/(4E) and ¢;; = cos 0;;. Defining the mass hierarchy param-
eter o as a« = Am3,/Am3;, where |a| >~ 0.03, the second term in Equation (&)
is suppressed relative to the main depletion term (first term) by a factor of
|a| sin? 2013 < 6 x 102, the fourth term even by a factor of 2 sin® 26;3. Thus,
we can re-write Equation () for Ay; < 1 (for the baselines considered) as

1—- P, — ) =~ sin®20;3sin® Az; + a? Agl 04113 sin? 2615. (6)
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Though the second term on the right-hand side of this equation could be of
the order of the first term for very large |af, it can be neglected for the first
atmospheric oscillation maximum (where the first term is large) and sin® 26,3
larger than about 10~3. Therefore, the disappearance probability can be well
approximated by the two-flavor depletion term in vacuum, which is the first
term in Equation ). Assuming that [Am?, | is accurately determined by a long-
baseline v, disappearance measurement, the reactor experiments thus serve for
a clean measurement of 6,3 independent of other mixing parameters.

2.4 Comparison to superbeams

We have demonstrated in the last section that reactor measurements allow a
degeneracy-free measurement of sin® 26,3. In order to qualitatively discuss the
difference between reactor experiments and superbeams, we can compare the
oscillation probabilities of the dominant oscillation channels. For the super-
beams, one can expand the appearance probability P,. (or Ppz) in terms of the
small mass hierarchy parameter o = Am3, /Am3, and the small mixing angle
sin 26013 using the standard parameterization of the leptonic mixing matrix U
in Equation @). As a first approximation for a qualitative discussion, one can
use the vacuum formula from References [14] 22, 23] with the terms up to the
second order (i.e., proportional to sin® 26,3, sin 2013 - o, and o?):

P, =~ |sin26:3 sinfassin Agp e (B32E0CP) 4 0050, 5 cos fag sin 2015 sin Ag; |2

sin2 2913 sin2 923 sin2 Agl

Q

Fo sin 2913 sin 6CP COS 913 sin 2912 sin 2923 Agl sin2 Agl

+a sin 2013 cos dcp cos B3 sin 2012 sin 2053 A3 cos Asq sin Az

+a2 COS2 923 sin2 2912 Agl (7)
Here Ayj = Am3;L/(4E) = (m7 —m7)L/(4E) and the sign of the second term
refers to neutrinos (minus) or antineutrinos (plus). We have used the approxi-
mations that sin Ag; ~ aAz; < 1 and that Azy ~ Asq.

For the reactor experiments, we have, up to the same order in sin 26,3 and

a, Equation (@). Comparing Equation () to Equation () clearly demonstrates
that the superbeams are quite rich in physics and much more complex to an-
alyze. Depending on the true values of o and sin 26,3, each of the individual
terms in Equation (@) obtains a relative weight. The result is then determined
by the mutual interaction of the four terms in Equation () leading to multi-
parameter correlations and degeneracies. Correlations and degeneracies are de-
generate solutions in parameter space, where the correlations are connected
solutions and the degeneracies are disconnected solutions in parameter space
(at the chosen confidence level). For example, many of the degeneracy prob-
lems originate in the summation of the four terms in Equation () especially
for large a and sin 26;3, since changes of one parameter value can be often
compensated by adjusting another one in a different term. This leads to the
well-known (6, 013) 241, sign(Am%,) [25], and (a3, 7/2 — 023) [26] degeneracies,

13
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Figure 6: The sin®20;3 sensitivity limit as function of the atmospheric (left)
and solar (right) mass squared differences for the JPARC-SK (black curves)
and Reactor-I (gray curves) experiments from References [29, B0] (five years of
neutrino running for JPARC-SK and an integrated luminosity for Reactor-I of
400t GWy). In addition, JPARC-SK@443 km is shown for a modified baseline
of 1.5x295km ~ 443 km in the left-hand plot (dashed curve). For the oscillation
parameters, Am3;, = 2.0-1073eV?, sin® 203 = 1.0, Am3, = 7.5-1075eV?, and
sin? 2615 = 0.8 are used (if not varied) [3T, []. Furthermore, the 30 excluded
regions are gray shaded and the current best-fit values are marked. The anal-
ysis includes systematics, multi-parameter correlations, and degeneracies as in
Refs. [32, 30).

i.e., an overall “eight-fold” degeneracy [27], which can severely affect the poten-
tial of many experiment types [28]. On the other hand, the reactor Equation (@)
contains the product sin? 2615 - sin? Ag; as the main contribution, which leads
to a simple two-parameter correlation between sin® 26,5 and sin® As;. In this
correlation, sin® 26,5 acts as the (energy independent) amplitude of the mod-
ulation and sin? As; contains the spectral information. Thus, with sufficiently
good spectral information and the current knowledge about Amj3,, it is easy to
disentangle these two parameters. In addition, the reactor measurement hardly
depends on the true value of Am3,.

The dependence on the true values of the atmospheric and solar mass squared
differences is, for the current best-fit values and ranges, illustrated in Figure B
The figure compares a reactor experiment with an integrated luminosity of
400t GW y to the JPARC to Super-Kamiokande first-generation superbeam ex-
periment with a running time of five years (neutrino running only). The two
plots illustrate that the considered reactor experiment would be better than
the JPARC-SK superbeam at the current best-fit values of Am3, and Am2,,
as well as in most of the still allowed parameter ranges. Since the energy spec-
trum of a reactor experiment is broader than the one of an off-axis (narrow
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band) superbeam, the reactor experiment is less affected by the smaller value
of Am3; after the Super-Kamiokande re-analysis [33]. In addition, it is hardly
affected by the true value of Am3, as we discussed above. In the left plot of
Figure Bl we also show the JPARC-SK experiment for the (artificial) baseline
of 1.5 x 295km =~ 443 km, which means that for this baseline the oscillation
peak is shifted to Am3; =2.0-1073 eV2. The figure clearly demonstrates that
this shifting would not solve the problem due to the 1/L? luminosity scaling.
Because of the over-proportional loss of events for a lower neutrino energy due
to the production mechanism and the cross section energy dependence, a lower
energy instead of the longer baseline would also not help.

We have now demonstrated that the reactor measurement could provide a
more robust limit on sin® 263 with respect to the (within certain ranges) true
parameter values of Am2; and Am3;. However, it is obvious from Equation (@)
that reactor experiments at a baseline of a few kilometers are not sensitive to
the mass hierarchy or dcp, which means that superbeams will still be needed to
test these parameters. On the other hand, a large reactor experiment could help
to resolve the degeneracies in Equation () by measuring sin” 26,3. In this case,
one could talk about synergies between a reactor experiment and a superbeam.
For example, it has been demonstrated in Reference [30] that there are several
advantages from a large reactor experiment (e.g., with an integrated luminosity
of 8000t GWy). First of all, a reactor experiment could help to determine the
mass hierarchy very well independently of the true value of Am3,. Secondly
it could improve the CP sensitivity by allowing to operate the superbeam with
neutrinos only (instead of using a fraction of antineutrino running). A reactor
experiment performed on a shorter timescale than a superbeam would change
the main goal of a superbeam from finding a non-zero value for sin?26;3 to
measuring § and the sign of Am3;.
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2.5 Theoretical Motivation for non-zero 0,3

One may ask if there exist theoretical reasons why 6,3 should be within the reach
of a new experiment, with a sensitivity down to sin® 263 ~ 0.01. This question
is of course connected to the origin of neutrino masses. For example, there exist
apparent regularities in the fermionic field content which make it very tempting
to introduce right-handed neutrino fields leading to both Dirac and Majorana
mass terms for neutrinos. The diagonalization of the resulting mass matrices
yields Majorana mass eigenstates and generically very small neutrino masses.
This is the well known see-saw mechanism [34]. It can be nicely accommodated
in embeddings of the SM into a larger gauge symmetry, such as SO(10).

A reason for expecting a particular value of 813 does clearly not exist as long
as one extends the SM only minimally to accommodate neutrino masses. 613
is then simply some unknown parameter which could take an arbitrarily small
value, including zero. The situation changes in models of neutrino masses.
Even then one should acknowledge that in principle any value of 613 can be
accommodated. Indeed, before the discovery of large leptonic mixing, many
theorists who did consider lepton mixing expected it to be similar to quark
mixing, characterized by small mixing angles. Experiment led theory in showing
the striking results that sin? 2053 ~ 1 and tan® 6o ~ 0.44, while 613 is small.
Indeed, the most remarkable property of leptonic mixing is that two angles
are large. Therefore, today there is no particular reason to expect the third
angle, 613, to be extremely small or even zero. This can be seen in neutrino
mass models which are able to predict a large 612 and 033. They often have
a tendency to predict also a sizable value of #;3. This is both the case for
models in the framework of Grand Unified Theories and for models using flavor
symmetries. There exist also many different texture models of neutrino masses
and mixings, which accommodate existing data and try to predict the missing
information by assuming certain elements of the mass matrix to be either zero or
equal. Again one finds typically a value for 613 which is not too far from current
experimental bounds. A similar behavior is found in so-called “anarchic mass
matrices”. Starting essentially with random neutrino mass matrix elements one
finds that large mixings are actually quite natural.

An overview of various predictions is given in Table [l For more extensive
reviews, see for example [35] 36, B7, B8]. The conclusion from all these consid-
erations about neutrino mass models is that a value of 63 close to the CHOOZ
bound would be quite natural, while smaller values become harder and harder
to understand as the limit on #,3 is improved.

Besides, neutrino masses and mixing parameters are subject to quantum
corrections between low scales, where measurements are performed, and high
scales where some theory predicts 6,13. Even in the “worst case” scenario, where
013 is predicted to be exactly zero, they cause 613 to run to a finite value at
low energy. Strictly speaking, #13 = 0 cannot be excluded completely by this
argument, as the high-energy value could be just as large as the change due
to running and of opposite sign. However, a severe cancellation of this kind
would be unnatural, since the physics generating the value at high energy are

16



not related to those responsible for the quantum corrections. The strength of
the running of 613 depends on the neutrino mass spectrum and whether or not
supersymmetry is realized. For the Minimal Supersymmetric Standard Model
one finds a shift Asin? 26,5 > 0.01 for a considerable parameter range, i.e. one
would expect to measure a finite value of 615 [39]. Conversely, limits on model
parameters would be obtained if an experiment were to set an upper bound on
sin® 2613 in the range of 0.01. In any case, it should be clear that a precision
of the order of quantum corrections to neutrino masses and mixings is very
interesting in a number of ways.

Altogether there exist very good reasons to push the sensitivity limit from
the current CHOOZ value by an order of magnitude and to hope that a finite
value of 613 will be found. But as already mentioned, at this precision even a
negative result would be very interesting, since it would test or rule out many
neutrino mass models and restrict parameters relevant for quantum corrections
to masses and mixings. From a larger point of view the experiments discussed
in this white paper might probe if a small value of 6;3 is a numerical coincidence
or the result of some underlying symmetry.
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Reference sin 13 sin® 20,3
SO(10)
Goh, Mohapatra, Ng [40] 0.18 0.13
Orbifold SO(10)
Asaka, Buchmiiller, Covi [41] 0.1 0.04
SO(10) + flavor symmetry
Babu, Pati, Wilczek [A2] 5.5-1074 1.2-106
Blazek, Raby, Tobe [43] 0.05 0.01
Kitano, Mimura [44] 0.22 0.18
Albright, Barr [A5] 0.014 7.8-107*
Maekawa [46] 0.22 0.18
Ross, Velasco-Sevilla [A7] 0.07 0.02
Chen, Mahanthappa [48] 0.15 0.09
Raby [A9] 0.1 0.04
SO(10) + texture
Buchmiiller, Wyler [50] 0.1 0.04
Bando, Obara [51] 0.01..0.06 4-107*..0.01
Flavor symmetries
Grimus, Lavoura [52, B3] 0 0
Grimus, Lavoura [52) 0.3 0.3
Babu, Ma, Valle [54] 0.14 0.08
Kuchimanchi, Mohapatra [55] 0.08 .. 0.4 0.03 .. 0.5
Ohlsson, Seidl [56] 0.07 .. 0.14 0.02 .. 0.08
King, Ross [57] 0.2 0.15
Textures
Honda, Kaneko, Tanimoto [58] 0.08 .. 0.20 0.03 .. 0.15
Lebed, Martin [BY] 0.1 0.04
Bando, Kaneko, Obara, Tanimoto [60] 0.01 .. 0.05 4-10=%.. 0.01
Ibarra, Ross [61] 0.2 0.15
3 X 2 see-saw
Appelquist, Piai, Shrock [62, [63] 0.05 0.01
Frampton, Glashow, Yanagida [64] 0.1 0.04
Mei, Xing [65] (normal hierarchy) 0.07 0.02
(inverted hierarchy) > 0.006 >1.6-10"*
Anarchy
de Gouvéa, Murayama [66] > 0.1 > 0.04
Renormalization group enhancement
Mohapatra, Parida, Rajasekaran [67] 0.08 .. 0.1 0.03 .. 0.04

Table 1:
considered as order of magnitude statements.
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3 Optimal Baseline Distances, Luminosity Scal-
ing, and the Impact of Systematics

3.1 Total Flux vs. Baseline

The equation for the survival probability of reactor neutrinos under full three
flavor mixing was previously described in Equation @). It was pointed out by
reference to Figure Bl that a judicious choice of baseline distance could restrict
one to oscillations dominated by one or the other of the Am? oscillations. For
this experiment, we are choosing to focus on the shorter baseline, which cor-
responds to Am?,, . Thus, neglecting the other oscillation term, Equation ()
reduces to

P(0e — 7.) = 1 — sin?(2613) sin®(Am2,,, L/AE) (8)
where the current best estimate from Super-Kamiokande has Am?2, = 0.002

[33]. To measure this oscillation effect, the optimal choice in baseline distance
will depend on the energy of the neutrinos. As shown previously in Figure B
the detected spectrum for reactor neutrinos is between 1-10 MeV with a peak
at about 3.8 MeV. In addition, recall that the flux of neutrinos will fall as
the square of the baseline distance. A comparison of the expected flux with
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Figure 7: Illustrative expected number of detected neutrino events as a function
of baseline distance from the reactor core. The two curves show the expectations
for the case of no oscillations and for an oscillation with Am? = 0.002 and an
amplitude of sin®(2613) = 0.5 which is 2.5 times the current limit. The curves
are calculated for a luminosity of 600t GW y and a mono-energetic neutrino flux
at 3.8 MeV.

and without oscillations is shown in Figure [ for a mono-energetic neutrino
beam of 3.8 MeV. Note that the amplitude of the oscillation shown is set to
sin?(20;3) = 0.5 which is 2.5 times the current limit from CHOOZ in order to
amplify the effect. As would be expected, one sees the disappearance effect at
regular intervals. However, when the full energy spectrum, shown in Figure Bl is
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folded in, the regular disappearance effect is washed out even with the magnified
amplitude (see Figure B).
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Figure 8: Expected number of detected neutrino events as a function of baseline
distance from the reactor core. The two curves show the expectations for the
case of no oscillations and for an oscillation with Am? = 0.002 and an amplitude
of sin?(2613) = 0.5 which is 2.5 times the current limit. The curves are calculated
using the complete energy spectrum from a nuclear reactor and a luminosity of
600t GWy.

In order to make the oscillation effect in Figure Bl visible, the ratio of the two
curves is shown in Figure[l Notice that the largest deviation occurs at a baseline
distance of just over 2 kilometers. This corresponds to the first oscillation for

Ratio of Total Rates

Ratio of events

Oscillation: Am? = 0.002; sin >(20,5) = 0.5
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Figure 9: The ratio of the expected number of neutrino events with and without
oscillations as a function of distance from the reactor core. This calculation
was made for a luminosity of 600t GW y and includes the true neutrino energy
spectrum. The oscillation is assumed to have Am? = 0.002 and an amplitude
of sin?(2613) = 0.5 which is 2.5 times the current allowed limit.
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E, = 3.8 MeV as shown in Figure [l This makes sense since this is the peak
of the neutrino energy spectrum and therefore has the most statistical power.
However, it is clear that as baseline distance increases, the effect of other parts of
the energy spectrum being at their respective maxima and minima of oscillation
effectively neutralizes any ability to detect a specific oscillation signature.

3.2 Spectral Shape Information

From Equation (), it is clear that neutrinos of differing energies oscillate with
different frequencies. Figure @l shows that observable oscillation effects in the
total number of neutrinos detected wash out with increasing baseline distance.
But by looking at the specific energy distribution of the detected neutrinos,
more information is available. In Figure [[M, two comparisons of the normalized
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Figure 10: Comparisons of the expected measured neutrino energy spectra at
various baseline distances in the case of oscillations. The oscillations are as-
sumed to have Am? = 0.002 and an amplitude of sin*(26;3) = 0.5 which is
2.5 times the current limit in order to magnify the effect. These plots show
the expected statistics for a luminosity of 600t GWy at the specified baseline
distance.

energy spectra are shown. These plots show statistical errors only for 0.2 MeV
bins and a luminosity of 600t GWy at each location. As with the previous
plots, the amplitude of the oscillation has been magnified by a factor of 2.5
(sin?(2013) = 0.5) and a mass difference of Am? = 0.002 has been used. In
addition, an energy resolution of 10%/vE has been assumed. The plot on
the left compares the spectrum at 100 meters, which is effectively unoscillated,
with the spectrum at 1.3 kilometers. One can notice that at this distance, the
low energy part of the spectrum is showing a deficit with respect to the near
detector spectrum. However, one could also confuse this with an overall shift in
the absolute energy scale between the two detector locations.

The right plot of Figure [, however, compares two oscillated spectra from
1.5 and 3 kilometers. Notice that the shapes of the spectra are vastly different.
This arises from the fact that at 3 kilometers it is the high energy part of the
spectrum which is fully oscillated away while the low energy part has returned

